Abstract Subduction of both the Iapetus and Rheic oceans began relatively soon after their opening. Vestiges of both the Iapetan and Rheic oceanic lithospheres are preserved as supra-subduction ophiolites and related mafic complexes in the Appalachian-Caledonian and Variscan orogens. However, available Sm-Nd isotopic data indicate that the mantle source of these complexes was highly depleted as a result of an earlier history of magmatism that occurred prior to initiation of the Iapetus and Rheic oceans. We propose two alternative models for this feature: either the highly depleted mantle was preserved in a long-lived oceanic plateau within the Paleopacific realm or the source for the basalt crust was been recycled from a previously depleted mantle and was brought to an ocean spreading centre during return flow, without significant re-enrichment en-route. Data from present-day oceans suggest that such return flow was more likely to have occurred in the Paleopacific than in new mid-ocean ridges produced in the opening of the Iapetus and Rheic oceans. Variation in crustal density produced by Fe partitioning rendered the lithosphere derived from previously depleted mantle more buoyant than the surrounding asthenosphere, facilitating its preservation. The buoyant oceanic lithosphere was captured from the adjacent Paleopacific, in a manner analogous to the Mesozoic-Cenozoic ''capture'' in the Atlantic realm of the Caribbean plate. This mechanism of ''plate capture'' may explain the premature closing of the oceans, and the distribution of collisional events and peri-Gondwanan terranes in the Appalachian-Caledonian and Variscan orogens.
Introduction
Understanding the tectonic significance of ophiolites and their related mafic complexes has been critical to unravelling the tectonic evolution of ancient orogens such as the Appalachians, Caledonides and Hercynides (Fig. 1; Williams 1979; van Staal et al. 1998 van Staal et al. , 2009 Díaz García et al. 1999; Sánchez Martínez et al. 2007 ). These complexes formed in a variety of tectonic environments, but commonly show supra-subduction geochemical signatures that indicate formation in active arc or back-arc environments associated with subduction zones (e.g. Jenner and Swinden 1993; Arenas et al. 2007a, b; Martínez Catalán et al. 2007; Zagorevski et al. 2007 Zagorevski et al. , 2010 . They are commonly located along suture zones where they have been used to define major boundaries between amalgamated plates or accreted terranes, and provide fundamental constraints on the timing and evolution of tectonic processes within orogenic belts (e.g. Dilek and Furnes 2011) . Particular importance is generally placed on the oldest ophiolite complexes because they are commonly inferred to document the onset of subduction tectonics (e.g. van Staal et al. 2009 ); the implicit assumption is that ophiolitic complexes represent vestiges of the ocean that was consumed to form the orogen in which they are found. In this context, the oldest complex provides a minimum age constraint for the onset of subduction and convergence.
The Mesozoic-Cenozoic evolution of the Caribbean plate, however, implies that this assumption may not always be justified. The Caribbean plate is widely interpreted to have originated within the Pacific but was ''captured'' in the Atlantic realm where it is now bounded by subduction zones (e.g. Kerr and Tarney 2005) . The Chew et al. 2010; Cooper et al. 2011; Hibbard et al. 2007; Pollock et al. 2012) development of an oceanic plateau on the Caribbean plate has contributed to its buoyancy, such that the Caribbean sits in an upper plate position at its bounding subduction zones (Hastie et al. 2010) . The evolution of the Caribbean plate was coeval with the predominantly passive margin sedimentation that dominates other parts of the margins of the North and South Atlantic Oceans. The upper plate position of the Caribbean relative to the North and South American plates means that vestiges of it will likely be preserved as the oldest ophiolite complexes in any future orogen formed by the closing of the Atlantic (e.g. Scotese 2004) .
In this paper, we build on the results of Murphy et al. (2011) where previously depleted mantle was identified as the source for Rheic Ocean ophiolite genesis. Here, we examine whether such a scenario was evident in the Iapetus Ocean. Basalts of the Caribbean plate have a wide range in eHf and eNd values that are interpreted to reflect the influence of heterogeneous mantle sources, including a source that yields very high eNd(t) values (?11.1 to ?11.9) . These values reflect derivation from a long-lived depleted upper mantle source ( Fig. 2; after Thompson et al. 2003) , generated by partial melting with garnet in residue (Kerr et al. 2009 ). The calculated time taken to generate such radiogenic compositions is more than 2 Ga (Thompson et al. 2003) , which would mean that the partial melting event even predated the 0.75 Ga opening of the ancestral Pacific Ocean (e.g. Li et al. 2008) .
To test the possibility that such scenarios may occur elsewhere in the geologic record, we compare the isotopic characteristics of the Caribbean basalts with those of mafic complexes that are vestiges of the Rheic and Iapetus Oceans, two Paleozoic oceanic tracts whose demise led to the amalgamation of Pangea (e.g. Murphy and Nance 2008) . However, Lu-Hf isotopic data are not available for these basalts, but sufficient Sm-Nd isotopic data exist to permit a broad comparison and make some first-order conclusions.
Geological setting
Paleocontinental reconstructions ( Fig. 3; e.g. Cocks and Torsvik 2002; Stampfli and Borel 2002; Winchester et al. 2002; Scotese 2004; van Staal et al. 2012) show that the Paleozoic Era was dominated by the origin and evolution of the Iapetus and Rheic oceans between Laurentia (ancestral North America), Baltica (northwestern Europe) and northern Gondwana (South America-West Africa). Although the timing of their closure varies along their length, in general the Iapetus Ocean had closed by the Late Silurian (van Staal et al. 1998 (van Staal et al. , 2009 ) and the Rheic Ocean by the Late Carboniferous (Arenas et al. 2007a, b; Martínez Catalán et al. 2007 ) producing a series of orogenic events that culminated in the formation of Pangea Murphy et al. 2009 ).
The northern portion of the Iapetus Ocean opened in multiple stages during the Late Neoproterozoic and early Cambrian. Estimates of the age of separation of Laurentia from Baltica vary from 600 Ma (Cawood et al. 2001 ) to 570-550 Ma (Cocks and Torsvik 2002) . The separation of Laurentia from Amazonia to West Africa probably occurred at ca. 570 Ma (Cawood et al. 2001) . However, further rifting events occurred in the Cambrian when microcontinents, including the Dashwoods microcontinent (Waldron and van Staal 2001) and probably the Argentine Precordillera farther south (Astini and Thomas 1999) , separated from the Laurentian margin to form the Taconic seaway. A widespread unconformity in western Newfoundland (Williams and Hiscott 1987) , and an upward transition from rift to carbonate platform sedimentation in the Precordillera (e.g. Thomas et al. 2004) , probably records the end of this rifting event between *516 and *511 Ma (timescale of Peng et al. 2012) .
Subduction was initiated in the Iapetus oceanic tract in the Late Cambrian, resulting in the development of Late Cambrian-middle Ordovician arc-back-arc assemblages, the vestiges of which are preserved as ophiolite complexes (van Staal et al. 1998 (van Staal et al. , 2009 ) which started to interact with continental crust along both the Laurentian and Gondwanan margins in the Early Ordovician Taconian and Penobscot orogenic events (Colman-Sadd et al. 1992, Waldron and van Staal 2001) . They predominantly occur (1) as allochthonous slices emplaced on the Laurentian passive margin, and (2) in the central parts of the orogen where they are subdivided into complexes that have periLaurentian (Notre Dame subzone) and peri-Gondwanan (Exploits subzone) affinities (e.g. Fig. 1b ; Hibbard et al. Fig. 2 Summary of eHf-eNd data (by Thompson et al. 2003) showing compositional end members of mantle sources and mixing lines between them. G2, depleted Gorgona end member; C1, C2 Caribbean plateau end members; DUM, Plume, FLO, W-D and W-D* refer to Galapagos end members. DUM depleted upper mantle 2007). Geochemical and isotopic data indicate that all known ophiolite and related mafic complexes in the orogen have supra-subduction affinities (e.g. Jenner and Swinden 1993; Smellie and Stone 2001; Draut et al. 2004; Zagorevski et al. 2007) , implying that all ocean floor formed at the original Iapetan mid-ocean ridge was subducted. The documentation of boninites in Iapetus ophiolitic complexes indicates an important component fore-arc extension and slab roll-back throughout much of this evolution (e.g. Jenner and Swinden 1993; Bédard et al. 1998) .
Adjacent to the Laurentian margin, subduction was initially located outboard of the Dashwoods microcontinent and is thought to have been directed southeastward (present-day coordinates), resulting in an oceanic island arc system that is part of the Notre Dame and Lough Nafooey (Grampian) arcs (van Staal et al. 2009; Draut et al. 2004; Chew et al. 2010) . Collision between the oceanic arc and the Dashwoods microcontinent was generally followed by its re-accretion to Laurentia and obduction of the intervening oceanic material of the Taconic seaway (Waldron and van Staal 2001) leading to the Early to Middle Ordovician Taconian and Grampian orogenies on the Laurentian margin.
Following these collisional events, a reversal of subduction polarity led to development of the Annieopsquotch accretionary belt (e.g. van Staal et al. 2009 ) and an accretionary prism in the Southern Uplands terrane along the now active continental margin of Laurentia (e.g. Stone and Merriman 2004; Waldron et al. 2008) . Subduction along the Laurentian margin was directed northwestward (i.e. beneath the Laurentian margin) until closure of the Iapetus Ocean by the Late Silurian brought about by the accretion of peri-Gondwanan terranes to the Laurentian margin (e.g. Hibbard et al. 2007; Pollock et al. 2012) .
The odyssey of the peri-Gondwanan terranes probably began in the Late Cambrian, when subduction of oceanic lithosphere beneath Ganderia (probably located near the northern margin of Gondwana at that time, e.g. can van Staal et al. 1998 van Staal et al. , 2009 van Staal et al. , 2012 give rise to the Penobscot arc. Early Ordovician (485-480 Ma) tectonism in the Penobscot arc (Penobscot orogeny), including ophiolite emplacement, is approximately coeval with an event in the British Isles (Monian orogeny) that was responsible for the deformation and metamorphism of rocks in Anglesey and SE Ireland (Phillips 1991; Max and Roddick 1989) that have been correlated with Ganderia (e.g. van Staal et al. 1998 , Valverde-Vaquero et al. 2006 . In Atlantic Canada, the Penobscot orogeny was followed in the Middle Ordovician by another phase of subduction and roll-back resulting in the Popelogan-Victoria arc and the opening of the Tetagouche-Exploits backarc basin (van Staal et al. 2009; Zagorevski et al. 2007) . Eventually, in the Late Ordovician, the leading fragments attributed to Ganderia came into contact with the active margin of Laurentia (van Staal et al. 1998 (van Staal et al. , 2009 Waldron et al. 2012) .
The Rheic Ocean is interpreted to have formed as several peri-Gondwanan terranes (e.g. Avalonia, Ganderia) migrated from the region between Baltica and the northwestern (Amazonian-northern African) margin of Gondwana during the Late Cambrian-Early Ordovician (Fig. 3; van Staal et al. 1998; Stampfli and Borel 2002; Winchester et al. 2002; Cocks and Torsvik 2002; Scotese 2004; Murphy et al. 2006a; van Staal et al. 2009 van Staal et al. , 2012 . The mechanism of Rheic Ocean opening may have varied along the length of the Gondwanan margin. For example, Murphy et al. (2006a) proposed that Avalonia separated from Gondwana at about 480 Ma possibly as a result of slab pull associated with subduction along the northwestern flank of the Iapetus Ocean, in a manner analogous to the opening of Neotethys in the Cenozoic (Stampfli and Borel 2002) . Alternatively, the Rheic Ocean may have opened along some segments of the Gondwanan margin as a series of back-arc basins (e.g. van Staal et al. 1998 van Staal et al. , 2009 Arenas et al. 2007a, b) .
The peri-Gondwanan terranes defined part of the southeastern flank of the Iapetus Ocean, and their collision with Laurentia marked the demise of Iapetus (Fig. 3) . They also defined the northwestern margin of the Rheic Ocean, and continental reconstructions generally show the Rheic Ocean widening as the Iapetus Ocean contracted from the Early Ordovician to the Early Devonian (Stampfli and Borel 2002; Winchester et al. 2002; Cocks and Torsvik 2002; Scotese 2004) .
Rheic Ocean closure in the Late Paleozoic occurred by continental collision between Laurussia and Gondwana, a major event in the amalgamation of Pangea (Keppie 1985; McKerrow and Scotese 1990; Murphy et al. 2006a; Gómez-Barreiro et al. 2007; Nance et al. 2010 ). This collision gave rise to the Alleghanian-Ouachita orogen of North America and the Variscan orogen in Europe (e.g. Matte 1986 Matte , 2002 Hatcher 2002; Martínez Catalán et al. 2007; Gutierrez-Alonso et al. 2008 . Mafic complexes that are vestiges of Rheic oceanic lithosphere are not exposed in northern South America or in North America. However, deep seismic reflection and magnetic anomalies (the Brunswick and East Coast Anomalies) are interpreted to represent mafic bodies within the Rheic Ocean suture zone in the southern Appalachian orogen Nelson 1988, 1991) .
Mafic complexes of the Iapetus and Rheic Oceans: Sm-Nd data
Models for the Sm-Nd isotopic evolution of the depleted mantle throughout geologic time have been used to distinguish mafic rocks derived from juvenile mantle, ancient sub-continental lithospheric mantle, and to identify the extent of crustal contamination. The DePaolo (1981) model, which fits a quadratic equation connecting data from modern island arcs (with initial eNd at ?8.5) to ancient juvenile basalts, is the most commonly used model for Sm-Nd isotopic studies and is appropriate for the supra-subduction settings of the Iapetan and Rheic Ocean ophiolites. Values higher than the depleted mantle curve are considered to reflect derivation from a highly depleted (HD) mantle source, i.e., a depleted mantle source that has undergone an earlier history of partial melting. In general, all common processes that affect the isotopic composition of the mantle source (influx of fluids) or the basalt itself (e.g. fluids, crustal contamination) in a supra-subduction environment serve to decrease eNd(t) values (t = time of crystallization), so that the least contaminated basalts should have the highest eNd(t) values; these values should lie close to, but not significantly above, the depleted mantle curve (DePaolo 1981) . Therefore, in the summary that follows, the highest eNd(t) value reported in each mafic suite provides a minimum estimate of the eNd(t) of its mantle source (cf. Murphy et al. 2011 ). This approach is similar to that used in modern environments such as the Caribbean plate to define end-member mantle components when mixing between these various components is envisaged (e.g. Thompson et al. 2003) .
Iapetan complexes
In the Appalachians, Sm-Nd isotopic data are available for several supra-subduction ophiolite complexes within the peri-Laurentian and peri-Gondwanan arcs of the Iapetus Ocean (Fig. 4) . The model value for depleted mantle at ca. 500-480 Ma is ?7.1. The ca. 485 Ma Bay of Islands ophiolite complex occurs as allochthonous slices emplaced on Laurentian passive margin successions during closure of the Taconic seaway and shows a range in eNd(t) from ?6.2 to ?8.1 (Jacobsen and Wasserburg 1979; Jenner and Swinden 1993) . Peri-Laurentian ophiolite complexes within the Notre Dame subzone (Swinden et al. 1997) show a very wide range in eNd(t) (from -3.6 to ?8.4). (-0.7 to ?8.6 ), but the lower values are attributed to contamination by subducted continental material. The highest values (i.e. those with eNd(t) [7.1), i.e., occur in LREE-depleted arc tholeiitic and trondhjemitic rocks (e.g. Zagorevski et al. 2007 ). Additional peri-Gondwanan mafic rocks occur in the Long Lake Group and Pipestone Pond complex (Zagorevski et al. 2010) . Basalts belonging to the Long Lake Group have arc affinities and juvenile eNd(t) values (?4.3 and ?6.8, Zagorevski et al. 2010) , whereas the ca. 494 Ma Pipestone Pond complex has mafic extrusive rocks with eNd(t) = ?7.3 (Jenner and Swinden 1993) .
In the Caledonides, Sm-Nd isotopic data from ophiolitic complexes are sparse (Fig. 4) , but the ca. 490 Ma (e.g. Chew et al. 2010) peri-Laurentian basaltic rocks of the Bohaun and Lough Nafooey volcanic groups in western Ireland have an intra-oceanic arc geochemistry and include eNd(t) ranging from ?7.25 to ?10.0 (Draut et al. 2004 ). The Tyrone Plutonic Group, part of the ca. 480 Ma Tyrone Igneous Complex (Cooper et al. 2011) , shows eNd(t) values ranging from ?4.5 to ?7.2 for dolerite and gabbro (Draut et al. 2009 ). The Ballantrae Igneous Complex was characterized by a 479-472 Ma intra-oceanic arc ophiolitic assemblage (Dewey and Mange 1999) . It was accreted at ca. 478 Ma onto the Laurentian margin (Oliver 2001) Thirwall and Bluck 1984; Smellie and Stone 2001) .
Rheic Ocean complexes
Mafic complexes interpreted to represent remnants of the Rheic Ocean mostly fall into two groups. Late Cambrian to Early Ordovician mafic complexes formed as the ocean opened, whereas Devonian-Carboniferous complexes formed in the later stages of convergence and ocean closure.
Cambrian-early ordovician
There are two contrasting types of mafic complexes associated with the opening stage of the Rheic Ocean. The first type occurs as part of continental rift-related bimodal igneous complexes interpreted to reflect the development of a passive margin (Quesada et al. 1991; Sanchez Garcia et al. 2003; Murphy et al. 2006b; Nance et al. 2010) . In most localities, the basalts have a continental tholeiitic to locally alkalic chemistry and have eNd(500) values well below the depleted mantle curve. They are interpreted to have been derived from the sub-continental lithospheric mantle beneath northern Gondwanan basement (Murphy and Dostal 2007; Murphy et al. 2006b Murphy et al. , 2008a and will not be discussed further in this paper. However, the Ellsworth terrane of coastal Maine, which is part of Ganderia (see Hibbard et al. 2007; Schulz et al. 2008) , is dominated by two bimodal basalt-rhyolite volcanic sequences: the ca. 508 Ma Ellsworth Schist and the unconformably overlying ca. 504 Ma Castine Volcanics. The basalts have compositions transitional between N-MORB and E-MORB. Both basalt types have strongly positive eNd(500) values (?7.9 to ?8.6 and ?5.6 to ?7.0, respectively, Schulz et al. 2008, Fig. 5) . Although eNd(500) values for the Ellsworth rhyolites reveal mixed crust-mantle sources, the Castine rhyolites have high eNd(500) values (?5.8 to ?7.5) and are interpreted to reflect partial melting of hydrothermally altered basalt, with minor contamination from Ellsworth rhyolites. Taken together, this sequence is interpreted to reflect a proto-oceanic rift with the basalts being derived from a highly depleted mantle source.
The second type of mafic complex includes that the supra-subduction assemblages have been interpreted to reflect subduction and roll-back of Iapetus oceanic lithosphere while the Rheic Ocean opened as a back-arc basin (van Staal et al. 1998 Arenas et al. 2007a, b) . The formation of such complexes thus involves processes in both the Iapetus and Rheic Oceans. In NW Iberia, ophiolitic bodies (lower ophiolite) of Ordovician age are interpreted to have formed early in the history of the Rheic Ocean (Arenas et al. 2007a, b ; Martínez Catalán et al. Western Europe is underlain by the Late Paleozoic Variscan orogen, which is a curvilinear belt, ca 1,000 km wide, that has been subdivided into several fault-bounded tectonostratigraphic zones that can be traced the length of the orogen (e.g. Julivert et al. 1972; Farias et al. 1987; Franke 1989; Quesada 1990; Figs. 1, 6a) . In southwestern Britain (Fig. 6a, b) , the Early Devonian (397 ± 2 Ma, UPb zircon; Clark et al. 1998) Lizard Complex is an ophiolite consisting of peridotite, amphibolite and gabbro with local sheeted dykes, subordinate granite and metasedimentary rocks (e.g. Bromley 1979; Barnes and Andrews 1984; Davies 1984; Floyd 1984; Gibbons and Thompson 1991; Cook et al. 2000 Cook et al. , 2002 Sandeman et al. 2000) . The mafic rocks have MORB-like geochemistry (Cook et al. 2000) , and the complex was probably obducted onto the Avalonian margin (Badham 1982; Cook et al. 2000 Cook et al. , 2002 between 397 and 380 Ma (Nutman et al. 2001) . The mafic dykes and plagiogranites have eNd(397) values ranging from ?9.0 to ?11.8 (Davies 1984, Fig. 6b ). These high eNd values imply derivation from a highly depleted mantle.
In NW Iberia, several ophiolitic bodies of Devonian age (ca. 405-390 Ma; Díaz García et al. 1999; Pin et al. 2002 , Goldstein (G; Goldstein et al. 1984) 2006) occur in Variscan allochthonous thrust slices that structurally overlie rocks with Gondwanan affinity and are structurally overlain by allochthons containing rocks with Laurussian affinities. These relationships imply that the ophiolite bodies, collectively known as the Upper Ophiolite, may represent a suture zone of the Rheic Ocean (Arenas et al. 2007a, b; Martínez Catalán et al. 2007) . Geochemical data indicate that these Upper Ophiolite bodies were formed in supra-subduction settings (Pin et al. 2006; Sánchez Martínez et al. 2007 ). Sm-Nd isotopic data yield eNd(t) values that vary from ?7.5 to ?9.3 (Fig. 6b) , indicating derivation from an anomalously depleted source (Pin et al. 2006; Murphy and Gutierrez-Alonso 2008) .
In southern Iberia (Fig. 1) , the Pulo de Lobo Zone (Fig. 6a) is widely interpreted as an accretionary prism of middle to Late Devonian age and an oceanic suture developed during the oblique (sinistral) collision between Gondwana and Laurussia during the Variscan orogeny (Eden 1991; Quesada et al. 1991; Robardet et al. 1993; Crowley et al. 2000; Braid et al. 2010 Braid et al. , 2011 Keppie et al. 2010) . Mafic complexes interpreted as ophiolitic bodies (e.g. the Beja-Acebuches ophiolite, Araçena massif) occur as discontinuous, dismembered bodies within the suture zone (e.g. Silva et al. 1990; Quesada et al. 1991) . The age of the Beja-Acebuches ophiolite is controversial, with UPb (zircon data) yielding ages ranging from ca. 332 (Azor et al. 2008 (Azor et al. , 2009 ) to 350 Ma (Pin et al. 1999) , although there may be an older (ca. 390 Ma) component (Pin and Rodrıguez 2009) . Basalts within the ophiolite are interpreted to reflect ocean ridge and/or arc settings adjacent to the Gondwanan margin (Castro et al. 1996; Quesada et al. 2006; Pin and Paquette 1997; Pin et al. 2008; Andrade et al. 1976) . Amphibolites have MORB geochemical characteristics and eNd(390) values from ?7.9 to ?9.2 (Fig. 6b) . eNd(t) values (?8 to ?9) from metabasalts are similar to the amphibolites and are also significantly higher than the depleted mantle curve of DePaolo (1981) . eNd(t) values for the gabbros (t = 350 Ma) show a wide range from ?4.0 to -6.1 (Pin and Paquette 1997) . The higher values are from mafic cumulates, whereas the lower values correspond with high initial Sr and are attributed to crustal contamination.
In the Massif Central (Fig. 6a) low grade, Late Devonian-Early Carboniferous (e.g. Pin and Paquette 1997), basalts, rhyolites and coeval plutons rocks are thought to reflect the development of a rift within a continental arc. The basalts have positive eNd(360) values of ?5 to ?8 (Fig. 6b) and may have been derived from a MORB mantle source that was contaminated by subduction-derived fluids (Pin and Paquette 1997) .
In the Sudetes Mountains of the northeastern Bohemian Massif (Fig. 6a) , Late Silurian (Oliver et al. 1993 ) mafic complexes are known collectively as the Central-Sudetic ophiolites (Cymerman et al. 1997) . They include the Ś lę _ za ophiolite, which displays an average eNd(t) value of ?8.8 ( Fig. 6b ; Kryza and Pin 2010) . The Klodzko Metamorphic Complex also contains a Devonian, predominantly mafic complex that has an eNd(400) value of ?6.8, typical of magmas derived from a depleted mantle source.
Synthesis and discussion
Many studies have documented the wide range in eNd(t) data in Iapetan supra-subduction mafic complexes and attribute this range to some combination of heterogeneous mantle sources, and crustal contamination or influx of subduction zone fluids. Similar conclusions have been reached for the Late Cambrian-Early Ordovician suprasubduction mafic complexes that formed during the generation of the Rheic Ocean. However, neither supra-subduction nor normal ocean ridge processes can account for the high eNd(t) values that plot above the depleted mantle curve in virtually all of these complexes. Given that influx of fluids or crustal contamination would have lowered eNd, these values are considered minimum estimates for the eNd of the mantle source of the mafic rocks ) and require the contribution of a highly depleted mantle. These high eNd(t) values thus define one compositional end-member that must have profoundly influenced the preserved examples of Iapetus and Rheic Ocean mafic magmatism. These data also imply that the complexes were derived by melting of a mantle component characterized by timeintegrated depletion of Nd relative to Sm that resulted from an earlier melting event. We assume that the depleted mantle (DM) Lithosphere formed at the mid-ocean ridges that developed following Iapetan rifting would not have been old enough to have generated these highly depleted values because it originated after ca. 600 Ma (Cawood et al. 2001) , and an implausibly high 147 Sm/ 144 Nd ratio would have been required. Similarly, Murphy et al. (2011) showed that the high eNd values for the mantle source of the DevonianCarboniferous Rheic Ocean mafic complexes required about 600 Ma to produce the requisite HD mantle source.
Taken together, the Sm-Nd data imply that the mantle sources of the Iapetan and Rheic Ocean mafic complexes had an earlier history of magmatism before either of these oceans even existed, probably during the Neoproterozoic. One possible explanation is that both ocean tracts independently tectonically captured buoyant older HD oceanic lithosphere the isotopic evidence for which has preferentially been preserved in ophiolites and related mafic complexes. An alternative model is that former oceanic lithosphere from an ancient basin, which has undergone depletion at a ridge, has been recycled into the mantle at an older subduction zone and returned to Iapetan and Rheic Ocean spreading centres without significant refertilization or enrichment.
Potential modern analogues
Modern oceanic lithosphere is isotopically heterogeneous and contains a volumetrically minor component of HD mantle (e.g. Wendt et al. 1999 ). According to Prelević and Foley (2007) , Tethyan ophiolites were derived from the melting of a HD mantle which formed as a result of the extraction of an earlier phase of mafic magma. As the magmas extracted were more Fe-rich than the mantle source, the mantle source was rendered more buoyant than the surrounding asthenosphere. This buoyancy facilitated subsequent preservation and, therefore, a bias towards HD mantle and related rocks in the geological record compared to their original relative abundance.
A generalized scenario in which this capture may have taken place is shown in Fig. 7 . This scenario is analogous to models proposed for the Mesozoic-Cenozoic ''capture'' in the Atlantic realm of the Caribbean plate, interpreted to have originated within the Pacific (e.g. Kerr and Tarney 2005) which contains HD mantle with eNd values of ?11.1 to 11.9 (Kerr et al. 2009) . These values are also interpreted to reflect derivation from a long-lived depleted upper mantle source (Thompson et al. 2003) , generated by partial melting with garnet in residue (Kerr et al. 2009 ). The time taken to generate such radiogenic compositions is more than 2 Ga. (Thompson et al. 2003) , which would mean that Fig. 7 a Schematic model for rifting of a supercontinent followed by incursion of a Caribbean-type plate into newly formed ocean, extending the model of Murphy et al. (2011) . Initial supercontinent, largely bounded by subduction zones fragments resulting in generation of a relatively young interior ocean. Note the approach of oceanic plateau (B) from exterior ocean. b Potential sequence of events involved with the encroachment of an oceanic plateau from the exterior ocean into the subduction zone that bounds the interior ocean (adapted from Kerr and Tarney 2005) . Upper Subduction of older exterior oceanic lithosphere beneath interior oceanic lithosphere results in arc development which is coeval with respect to passive margin sedimentation elsewhere along the margin. Middle and Lower Encroachment of buoyant oceanic plateau into subduction zone leads to accretion of the early arcs followed by polarity reversal and new arcs develop above the plateau, which is transferred to the upper plate. Such arcs would have a strong DUM component. Continued divergence of the continents results in the oceanic plateau and associated arcs being captured into the geography of the interior ocean b the partial melting event even predated the 0.75 Ga opening of the ancestral Pacific Ocean (e.g. Li et al. 2008) .
Isotopic data from modern oceans suggest two possible scenarios that may have led to the introduction of HD mantle into the Iapetus Ocean. First, and most simply, the HD mantle may have remained in the lithosphere since its formation, in the Paleopacific realm, possibly as a longlived oceanic plateau. Alternatively, the long-lived depleted isotopic signatures may be due to recycling of depleted mantle by subduction and subsequent convective return flow to the surface at a mid-ocean ridge. Such return flow may take an estimated 50-250 Ma, based on slab descent rates and depending on depth to which material is transported (Zhong and Zhang 2005) . Variable length-scale mantle heterogeneities (from 100 to 1,000 km long, e.g. Salters et al. 2011 ) have been recognized from MORB data at present-day ocean ridges, suggesting the possibility that previously depleted residual mantle could be recycled to the surface following subduction while remaining unmixed and not undergoing extensive re-fertilization or fluid enrichment. Recent studies in the Pacific and Gakkel Ridge have found exposed fragments of anciently depleted peridotites (Dijkstra et al. 2010; Stracke et al. 2011 ) that demonstrate preservation of ancient depleted upper mantle. This process may have been responsible for generating the HD mantle that gave rise to the Iapetan and Rheic ophiolites. In principle, the HD mantle could have returned to the surface within either the Iapetus or Rheic Ocean, or in the Paleopacific. However, present-day eNd values above 8.5 (the average of modern arcs used by DePaolo 1981) are concentrated in the Pacific Ocean (Salters et al. 2011) . By analogy, the recycling of HD mantle is much more likely to have occurred within the Paleopacific ocean than in the rifted Iapetus and Rheic oceans, which would have required the development of the Iapetus and Rheic spreading centres directly above the return flow of an older mantle convection cell. Recycling to the surface of older depleted mantle material in the Paleopacific would have facilitated the development of buoyant Paleopacific crust, which went on to be captured in a younger oceanic tract. In either case, mafic rocks developed by partial melting of such ancient depleted mantle would have developed a high time-integrated Nd isotopic signature consistent with the values from Iapetus and Rheic ophiolites.
Generalized model for plate capture Figure 7a , b illustrates the final stages in the breakup of a supercontinent and shows in a schematic sense where youthful lithosphere of the interior ocean (such as Iapetus) is juxtaposed against preexisting older exterior oceanic lithosphere (e.g. the Paleopacific). The oceanic lithospheres on either of these boundaries would have had contrasting thicknesses, and densities (e.g. Sclater et al. 1980) , and would have been likely sites for subduction initiation (cf. Stern 2004) . Because of its higher density, the older exterior oceanic (Paleopacific) lithosphere would initially have been subducted beneath more youthful (Iapetan) oceanic lithosphere. Subduction polarity would have changed if relatively buoyant lithosphere from the exterior ocean encroached on the subduction zone as shown in Fig. 7b as hypothesized by Kerr and Tarney (2005) for the Caribbean. Encroachment of buoyant oceanic plateau into subduction zone would lead to accretion of the early arcs, followed by polarity reversal in which new oceanic arcs developed above the plateau, which would have been transferred to the upper plate. It is these arcs that would have a strong depleted mantle component. Continued divergence of the continents resulted in capture of the oceanic plateau and associated arcs into the geography of the interior ocean.
A Caribbean arc model for the central Iapetus Ocean helps explain some enigmatic features of the Iapetan realm. The Iapetus Ocean began to be subducted a relatively short time after its opening. Subduction initiation was clearly not a result of simple foundering of Iapetan oceanic lithosphere because it was not old enough. Instead, we suggest that subduction was initiated along the plate boundary between new Iapetan and old Paleopacific oceanic lithosphere. Although the existence of such a plate boundary is a necessity of continental breakup, its geodynamic significance has been virtually ignored in previous syntheses. More generally, the boundaries between new and old oceanic lithosphere, geometrically and kinematically required by continental breakup, are sites of tectonic instability within the oceanic lithosphere. Processes along these boundaries may initiate subduction soon after breakup.
